Abstract -A review is given on oxidation of terminal olefins to methyl ketones by 02, ROOH, or H2O2 in the presence of rhodium, palladium, platinum and iridium catalysts, a) Rhodium catalysts can use both oxygen atoms of the dioxygen molecule for the oxidation of two moles of terminal olef ins by the coupling of a cyclic or pseudocyclic peroxymetalation process with aWacker-type intramolecular hydroxymetalation pathway. b) Palladium catalysts act as alkyl peroxidic (stable) or hydroperoxidic (generated from H202 or protonation of peroxo complexes) reactive species for the oxidation of terminal olefins to methyl ketones. c) Platinum peroxo or hydroperoxidic species are generally inactive, but a stable and reactive platinum tert-butyl peroxide trifluoroacetate complex has been synthesized. d) Although in. dium catalysts can coordinate both 02 and olefin on the same metal center, they exhibit a different behavior with respect to rhodium complexes, and are generally poor oxidation catalysts. However IrOOH species, generated from reaction of 02 with iridium hydride was found to oxidize coordinated cyclooctene to cyclooctanone. The problem of activation and transfer of molecular oxygen by the stepwise utilization of both oxygen atoms will be discussed.
INTRODUCTION
The search for transition metal catalysts capable of fixing molecular oxygen, and of transferring it selectively to organic substrates is a rewarding-goal, owing to the economic impetus to develop new processes for the selective oxidation of hydrocarbons, and owing to the relevance of such catalysts to the naturally occurring oxygen-storage and transfer enzymatic systems. Reduced group VIII trnsition.oietal complexes interact with molecular oxygen, even to the extent of forming stable reversible and irreversible dioxygen adducts (1). Since such adducts are potential oxygen donors to reactive substrates, they have been used for the oxidation of phosphines (2) and isonitriles (3) , but until recently they were fqund quite reluctant to react with unactivated olefins by non-radical pathways (4) . Potential group VIII oxygen donors involve : a) peroxidic species, i.e. peroxo 1, hydroperoxidic 2, and alkyl-peroxidic 3 complexes and b) non peroxidic species, i.e. óxo4, hydroxo 5 and alkoxo 6 complexes. (eq 2) H Hydro-or alkyl peroxidic complexes result from the reaction of a metal salt or complex with H202 or ROOH (eq 3), from the insertion of 02 between a metal-hydrogen or metal-carbon bond (eq 4), or from the protonation or alkylation of a peroxo metal complex (eq 5) (5). The way in which oxygen transfers from peroxo and hydro-or alkyl-peroxidic complexes is therefore relevant to oxidations involving activation and transfer of molecular oxygen (eq 1, 4 and 5), and to oxidations using H202 and ROOH as the oxygen source (eq 2 and 3). Since peroxidic complexes 1 -3 can only release one oxygen atom to a reactive substrate, oxo 4, hydroxo 5 and alkoxo 6 complexes result from the reduction of peroxo 1, hydroperoxo 2 and alkyl peroxo 3 complexes. Oxygen transfer from 4 -6 complexes would result in the formation of reduced species which could reincorporate dioxygen, allowing the utilization of both oxygen atoms of the dioxygen molecule for the oxidation of two moles of substrate. Important questions are the following i) What are the suitable conditions for realizing an oxygen transfer from group VIII transition metal peroxides to olef ins ? ii) Which metals are capable of using both oxygen atoms of the dioxygen molecule to oxidize two molecules of olefins ? We will successively consider the behavior of rhodium, palladium, platinum and iridium catalysts in the selective oxidation of terminal olefins to methyl ketones by molecular oxygen, hydrogen peroxide and alkyl-hydroperoxides.
I. RHODIUM CATALYSTS
Read and coworkers have shown that rhodium complexes such as RhCl(PPh3)3 are able to promote the co-oxygenation of terminal olefins to methylketones and tripheñylphosphine to tnphenyiphosphine oxide, in conditions under which aWacker-type Oxidation (hydroxymetallation by water of the coordinated olefin) is disfavored (eq 6) (6) Rhcl(PPh3)3
In this reaction, one oxygen atom of the dioxygen molecule is incorporated into the olefin, while the phosphine acts as a coreducing agent by reacting with the second oxygen atom to produce the phosphine oxide. We have reported a different process for the catalytic oxidation of terminal olefins to methyl ketones by molecular oxygen using RhCl3 + Cu(C10t)3 or Rh(CIOtf)3 alone as catalyst, and operating in alcoholic solvents in the absence of water or co-reducing agents such as phosphines (eq 7) (7).
2RCHCH2+02
2R--CH3 (eq7) 0
In this reaction, both oxygen atoms are incorporated into two moL of olefin to give two mol. of ketone with a selectivity based on consumed olef in and 02 of up to 98 7..
Ketones are produced only from olefins which can formr-complexes with rhodium (I), e.g. terminal olef ins and internal olefins such as cycloheptene or cyclooctene. Instead, olefins which form 7-allylic complexes of rhodium (III), e.g. cyclopentene, are transformed into alkenyl ethers resulting from the oxidative substitution of the alcohol used as solvent, on the saturated positions of the olefin (eq 8) (7) + ROH + 0.5 02 III11I OR
H20 (eq 8)
The overall catalytic oxidation of terminal olefins to methyl ketones by molecular oxygen has been interpreted as resulting from the coupling of two complementary reactions : a) an oxygen activation and transfer pathway in which the first peroxidic oxygen atom is transferred to the coordinated olefin to give the methylketone according to a cyclic peroxymetalation procedure (eq 9) followed by b) a Wacker-type cis'hydroxymetalation of a second coordinated olef in by a rhodium hydroxy species (resulting. from the protonation of the rhodium oxo complex) consuming the second oxygen,atom of the dioxygen molecule and thus making the reaction catalytic (eq 10) selectively transfer one oxygen atom to terminal olefins in atthydrous and anaerobic CH,C1,, solution to give the corresponding methyl ketone. The reaction of 1802 labelled [(AsPti3)4 Rho2] PF6 complex with l-octene showed the exclusive incorporation of coordinated oxygen, and not oxygen from water, into the resulting 2-octanone (8) . Mares brought up an additional support for this oxygen activation process by owing that 1-octene was oxidized to unlabeled 2-octanone in the presence of 1002 and H2L 0 using RhCl (AsPh3)3 as catalyst (9) . The proposed mechanism for this reaction involves the cyclic peroxymetalation of the coordinated olefin giving a peroxometallocyclic adduct which decomposes, after a /3-hydride migration, to the ketone and a non isolated rhodium (III) oxo complex (eq 11). This reaction, which bears some similarity with epoxidation of olefins by molybdenum peroxo complexes (10) requires the coordination of the olefin to the metal prior to its insertion (by an intramolecular 1,3 dipolar cycloaddition reaction) between the rhodium-oxygen bond, forming the five-membered peroxo metallocyclic adduct. However, the decomposition of this peroxidic adduct occurs differently from that of the molybdenum analogue, and produces methyl ketone instead of epoxide, owing to the /3-hydride abstraction ability of rhodium. Cationic rhodium peroxo complexes bearing bidendate strongly coordinating ligands, e.g., [Rh02(Ph2P..
__-_.
were found inactive ,for the oxidation of 1-octene. This illustrates the necessity oi liberating vacant siteson rhodium for complexation of the olefin prior to reaction with coordinated dioxygen (8) .
• The formation of a five-membered peroxometallocyclic adduct as intermediate in the reaction of rhodium (III) dioxygen complexes with olefins (eq 11), has been illustrated by the isolation of the stablecompound 9 from the reaction of 7 with tetracyanoethylene (eq 12). It should be pointed out that only one of the two oxygen atoms bonded to rhodium in 7 is available for oxidation of terminal olef in (and coordinated phosphine). The nature of the oxygen atom remaining on rhodium has not yet been identified, and has been assumed to be "oxo" (Rh = 0), by analogy with reaction of molybdenum peroxo complexes. Since such rhodium (III) oxo complexes have been yet unknown, it is probable that such species would have a strong tendency to dimerize and protonate.
B : Oxidation of a Terminal Olefin Coordinated on Rhodium (I) by Molecular Oxygen.
As shown in eq 9, the peroxometallocyclic adduct can also be obtained from the reaction of rhodium (I) ,r-olefinic complexes with molecular oxygen. The complex RhC1(1,7-octadiene) 2 reacts with 02 in CH2C12 solution, producing l-octene-7 one with . 20 7 yield. This result has been largely Improved using anhydrous alcohols as solvents, and a cationizing reagent such as Ag BF4 which can remove the bridging chlorine atoms and liberate coordination sites on rhodium (eq.l3) (8)
(eq 13) In dry isopropanol solution, the cationic complex 10 absorbs 1 mole of dioxygen per mole of rhodium, producing ca. 1 mole of l-octene-7-one and one mole of H20. Since isopropanol is not oxidized during the reaction, we assumed that the hydrogen source for water formation was the olef in itself, producing 7r-allylic Rh (III) species 14 and 15 through the intramolecular protonation of the oxo complex 13 resulting from the decomposition of the peroxometallocycle 12 (scheme I). In the presence of an excess of 1,7-octadiene and one equivalent of anhydrous HBF, more than one equivalent of 0, was absorbed, while no water and no acetone (coming from isopropanol used as solvent) were produced. In this case, both atoms of the dioxygen molecule were incorporated into 2 moles of olefins, and the production of 1-octene-7-one became slightly catalytic. This catalytic formation of methyl ketone has been interpreted as resulting froni the coupling of an oxygen activation process consuming the first peroxidic oxygen atom, and an intramolecular hydroxymetalation process (Wacker-type) consuming the second hydroxylic oxygen atom, each process producing one mol of ketone (Scheme I) Scheme I
The presence 'of. a strong acid can induce the formation of the hydrido 18, hydroxo 16, and hydroperoxo 19 from the protonation of the reduced 10, oxo 13, and. peroxo 11 complexes, respectively. The hydroperoxo complex 19 is a potential oxygen donor to the terminal olef in, according to a pseudocyclic hydroperoxymetalation mechanism (vide infra), producing the ketone and the rhodium hydroxy complex 16. Such a process has been illustrated by the: transmetalation of mercury by rhodium in (CF3CO2) Hg CH2-CH(Ph) -OOH 21 ( ii) , producing the unstable pseudocyclic compound 22 which decomposes to give acetophenone in 95 7 yield (4h, 20°C, THF) (12) (eq 14). These stable crystalline yellow-orange complexes have been characterized by elemental analysis, IR., NMR and X-ray crystallography. The structure of [CC13CO2Pd-OOt-Bu]4 consists of four coplanar palladium atoms bonded between them alternatively by the oxygen atoms of the trichloroacetate groups and by the terminal oxygen atom of the OOt-Bu groups. These complexes are most efficient reagents for the selective oxidation of terminal olefins to methyl ketones in anhydrous and anaerobic conditions. Their reactivity toward terminal olefins decreases in the order R = CF3> C5F11> Cd3 > CH. The reaction of [CF3CO2Pd-OOt.'Bu]4 with 1-hexene has been shown to proceed in two steps : a) Oxygen transfer from the -butyl peroxidic complex to the olef in, producing the methylketone and the palladium tert-butoxy complex (eq 16) followed by (b) a rapid substitution of the O-t-Bu group by the olefin on the metal, giving rise to the formation of tert-butanol and the r-allylic complex (eq 17).
CF3CO2PdOOt-Bu + CP3CO2PdOtBu that of the closed five-membered rhodium peroxymetallocyclic adduct previously shown in eq 9.
The pseudocyclic peroxypalladation procedure has been evidenced, as previously shown in eq. 14, by the transmetalation of mercury by palladium in the reaction of Na2Pd Cl4 with CF3CO2HgCH2CB(Ph)-OOtBu, producing aetophenone in 95 7. yield (20°C, ThF solution). Methyiketones can be obtained on a catalytic scale when an excess of t-BuOOH is used for regenerating the initial tert-butyl peroxidic complex 23 from the -butoxy complex 26.
(Scheme II). In order to avoid the formation of a 'r-allylic complex 27 causing lower selectivities, a large excess of t-Bu OOH with respect to olefin is required (eq 19) (16) Pd(RCO2)2 t-Bu OOH + R-CH =
CH2
-a-t-Bu OH + RfjCH3 This reaction can be carried out at room to moderate (80°C) temperature, in biphasic (benzene or ethyl acetate) or monophasic (tert-butanol or acetic acid) solution. A large excess of H202 with respect to olefin is required in order to prevent r-allylic complex formation causing isomerization of olefin. Only terminal olefins, e.g., 1-hexene, l-octene, allyl acetate, were selectively oxidized to the corresponding methyl ketone. Internal linear or cyclic olef ins were found to be unreactive. Palladium-catalyzed decomposition of H202 occurs during the reaction. Oxidation of l-octene in t-Bu OH by H2O2 (lbO) catalyzed by Pd (OAc)2, and in the presence of a large excess of H20 (180), only produces unlabeled 2-octanone. This indicates that the oxygen source for ketone formation is only H2O2 and not water as in the Wacker Process. The following mechanism, similar to that previously shown for the oxidation of terminal olefins by Palladium tert-butyl peroxidic complexes, has been suggested (Scheme III) (17) to the palladium -butyl peroxidic complex 23, and releases one oxygen atom to the coordinated terminal olefin according to a pseudocyclic hydroperoxypalladation procedure, producing the methylketone and a palladium hydroxo complex 31. The hydroperoxidic complex 28 is regenerated from 31 upon reaction with H202, liberating water. Despite many attempts, and due to extensive H202 decomposition, the isolation of such palladium hydroperoxidic species failed. However, the existence of such complexes as reactive intermediates will be justified in the next paragraph.
Oxidation of Terminal Olefins to Methyl Ketones by Palladium Dioxygen Complexes Induced by Strong Non-Coordinating Acids and Alkylating Agents
Contrary to rhodium dioxygen complexes, palladium compounds such as L2PdO2 (L phosphine) do not react with terminal olefins (eq 21). Since hydroperoxidic and alkyiperoxidic palladium species are potential oxidizing reagents, we have tried to generate such compounds by protonating or alkylating inactive palladium peroxo compounds by strong non-coordinating acids and alkylating agents (18) . Hydroperoxidic species have been previously shown to be involved as intermediates in the acid hydrolysis of Pd and Pt dioxygen complexes, yielding 11202 (19). Addition of a stoichiometric amount of MeSO3H to an anhydrous solution of (Ph3P)2 Pd 02 in CH2C12-l-octene solution in anaerobic condition, results in an immediate change in color from green to bright red, and progressive formation of 2-octanone (50 7. based on Pd) and Ph3PO (36 7), while no precipitation of metallic palladium occurs. The quantity of 2-octanone produced was found proportional to the quantity of added MeSO3H until a ratio H+ : Pd 1. Addition of H BF4 instead of Me SOH results in lower yields in 2-octanone (_ 20 7), but in this case, the final complex has been identified as [(Ph3P)2 Pd(OH)2
Pd(Ph3P)2J+BF (2O). A labeling study using (Ph3P)2 Pd 16 MeSO3H, l-octene, and an excess of H2100 indicated the exclusive incorporation of unlabeled oxygen into the resulting 2-octanone, showing that the oxygen source in this reaction is molecular oxygen, and not water as in theWacker Process. Only terminal olefins were selectively oxidized to the corresponding methyl ketone. Internal cyclic and acyclic olefins were found unreactive. Treatment of (Ph3P)2PdO2
with a strong coordinating acid such as CF3CO2H results in a quite complete inhibition of the reaction, which is probably due to the occupation of the vacant site by the trifluoroacetate group in 33 (eq 22). Equation 23 illustrates a plausible interpretation of the oxidative properties of 32 in the presence of strong non-coordinating acids. Protonation of 32 results in the opening of the peroxo group liberating a vacant site adjacent to the hydroperoxidic group in 34. The complexation of terminal olefin in 35 is followed by a pseudocyclic hydroperoxypalladation giving the intermediate 36 which decomposes to produce the methyl ketone and the hydroxo complex which ends in the form of a di-t-hydroxo complex 37. A further evidence for the involvement of palladium hydroperoxidic species as reactive intermediate has been obtained from the transmetalation reaction of mercury in CF3CO2HgCH2CHPh-OOH by palladium in Li2PdCl4, producing the unstable pseudocyclic palladium peroxidic adduct which decomposes to give acetophenone in 85 7. yield (THF, 20°C, 4h) (18). 2-cctanone has also been produced, albeit in lower yields (ca 20 7.), from the reactio of 32 with 1-octene in the presence of an alkylating agent such as FSO3Me, CF3SO3Me or Ph3C BF4. Also in this case, a change in color from green to bright red was observed, but in every case, the medium was heterogeneous. A mechanism similar to that of eq 23 could be suggested, with the formation of reactive alkyl-peroxidic species.
III. PLATINUM CATALYSTS
Platinum dioxygen complexes such as L2PtO2 (L phosphine) are known to catalyze the oxidation of phosphines (2), or to cause oxidative cleavage of electrophilic olefins (21) . However, like the palladium analogues, they are quite reluctant to react with unactivated olefins. Platinum hydroperoxidic species have been postulated as intermediates in the acid hydrolysis of Pt peroxo complexes (19) . L2Pt(CF3)OOH complexes (L = bidendate diphosphine) have been recently synthesized but were also found inactive toward olefins (22) . We have used the procedure previously described for Pd02 complexes, in order to induce a reactivity toward olefins of the platinum analogues. However, no oxygenated products were detected from the reaction of (Ph3P)2PtO2 with both terminal (l-octene) or internal (norbornene, cyclohexene) olefins in the presence of MeSO3H or Ph3C+BF4 (eq 25). This absence of reactivity was attributed to the lack of complexation of olefin to platinum which is poorly electrophilic. This complex did not undergo an oxygen transfer reaction to terminal olefins at room temperature. However, when the oxidation of l-octene by was carried out in C2H4C12 at 70°C, 2-octanone was selectively produced in ca 100 7 yield in 2 hours based on 39 (or 50 % based on active oxygen). Several turnovers in ketone formation were observed when the reaction was carried out in the presence of an excess of tBuOOH, but at a much lower yield than the corresponding palladium oxidation. The use of Pt(acac)2 or [(cu3co2-Norbornadienyl)Pt(oAJ2 as catalysts for the oxidation of l-octene by t-BuOOlI gave negative results. This therefore emphasizes the strong accelerating effect of the trifluoroacetate group on the reactivity of Pt-OOtBu complexes. Oxidation of terminal olefins by 39 at higher temperature could be attributed to a decomposition of 39 into a CF3CO9PtOOtBu complex which would react with terminal olefins like the palladium analogue (eq 28T Thus, in contrast to palladium, platinum forms less-well defined alkyl peroxidic complexes with tBuOOH, which are far less reactive toward olefins. This reactivity however exists, and is strongly dependent upon the electrophilic character of the metal favoring the complexation of the olefin. Another difficulty in the case of platinum catalysed oxidation of olef ins comes from the fact that platinum (II) is more easily oxidized to Pt (IV), in contrast to palladium.
lv. IRIDIUM CATALYSTS
In contrast to rhodium cationic dioxygen complexes (8) 
43
The orange solution of 43 in CH2C12 absorbed onemole of dioxygen per mole of iridium, and the solution became green. However, no formation of cyclooctanone was detected by GLC analysis (eq 33) (12) . All attempts to isolate this green complex, probably having olefin and 02 coordinated on the same metal, failed even in the presence of ligands such as phosphines or 2,2'-bipyridine. It is noteworthy that a stable iridium complex having both ethylene and dioxygen coordinated to the same metal has been synthesized, without any oxygen transfer reaction occuring in this case (eq 31) (25) Hence, it appears that coordination of olefin and dioxygen on the same metal center is a necessary but not sufficient condition for achieving an oxygen transfer reaction. A suitable position for both substrate and reagent is also required in the coordination sphere of the metal. James and coworkers have recently shown that cyclooctene can be catalytically oxidized to cyclooctanone and water by a mixture of H2 + 02 in the presence of [IrC1(C8H14)2) 2 (eq 32) (26) Cyclooctene + H2 + 02 ) Cyclooctanone + H20 (eq 32) Ir-OOH species, obtained from the reaction of 02 with iridium hydride, have been assume.d to be the reactive intermediates in this reaction. As we did for rhodium and palladium, we have tried to generate reactive iridium hydroperoxidic species by carrying out the oxidation by 02 Qf the cationic complex 43 in the presence of one equivalent of HBF4 and excess cyclooctene (12) . The orange solution of 43 in CH2C12 absorbed one mole of dioxygen per mole of iridium in 4h at 20°C without change in color, but glc analysis indicated the formation of cyclooctanone in ca 40 % based on iridium. A: plausible mechanism for this reaction shown in eq 34 involves the protonation of the cationic complex 43 by HBF4, followed by 02 addition giving the hydroperoxidic species 45. Ketone formation would result from the intramolecular hydroperoxymetalation of a coordinated cyclooctene molecule. It should be pointed out that ketone yields obtained with iridium are much lower that those previously observed with rhodium. However, less than one oxygen atom can be transferred to the olefin. This indicates that a consecutive hydroxymetalation of olefin on iridium does not occur, thus preventing a catalytic formation of ketone.
CONCLUSION
We have shown in this study that molecular oxygen can be activated by group 8 metal complexes. and transferred to unactivated olefins, provided that reactive peroxidic species are produced. 0xyen transfer from transition metal peroxides requires the complexation of the olefin on a suitable position with respect to the peroxidic moiety on the coordination sphere of the metal. It likely occurs according to a cyclic peroxymetalation procedure (from a peroxo metal complex), or according to a pseudocyclic peroxymetalation procedure (from alkyl or hydroperoxidic metal complexes). Amongst those metals, rhodium alone can use both oxygen atoms for the oxidation of two moles of olefins. Palladium and iridium complexes only transfer the peroxidic oxygen atom. These results are summarized in Scheme IV.
Scheme IV Platinum peroxidic complexes are reluctant to react with olefins, except when the metal is strongly electrophilic e.g. in E(CF3C02), Pt(OOtBu)(tBuOH)]2. The interpretation of the oxidative properties of group VIII transition metal complexes based on the behavior of their peroxidic derivatives, allows a rationalization of catalytic oxidation of olefins whatever the oxygen source is 02, ROOH or 11202. The peroxymetalation concept places these reactions inside the scope of conventional metal-catalyzed transformation of olefins.
